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Introduction 

A notch antenna, also known as tapered slot antenna (TSA), is an end-fire traveling wave antenna. 
Like microstrip antennas, the TSA features low profile, light weight, easy fabrication by photo- 
etching, conformal installation and compatibility with microwave integrated circuits (MIC). 
Performance wise, TSA has demonstrated multi-octave bandwidth, moderate gain (7-10 dB) 
and symmetric E- and H- plane beam patterns. However, TSA lacks the versatility of microstrip 
antennas in terms of multifunction operations such as dual-frequency, dual-polarization etc., and 
loses its planar architecture when used as circularly polarized antennas or in 2-D arrays. The 
antenna was first proposed by Lewis et al [1] in 1974. Since then, much technological advances 
have been made in both designs and applications. In designs, various numerical techniques have 
been developed and applied to aid the design of the TSA antennas [2-4], Full- wave numerical 
techniques based on Method of Moments are now commercially available providing the ability to 
shorten the design cycle as have been demonstrated in a recent CAD benchmark demonstration 
[5]. In applications, TSAs have been mainly used for spatial-power combining and as focal-plane 
feed arrays for imaging reflector systems [6-7]. In more recent applications, TSA arrays capable of 
multi-function operations are emphasized. Examples of these include the dual-band dual-polarized 
TSA array of nested lattice architecture [8], and multi-frequency full-duplex phased array system 
with notch elements [9]. 

This chapter will focus on the most recent advances in TSA and their applications. In order to 
provide some basic understanding of the design issues, the chapter will begin with some 
discussions on the design of single tapered slot antennas. Then, TSA arrays and their applications 
will be highlighted. 


Basic Geometries 

A typical TSA consists of a tapered slot section which is produced by the gradual widening of a 
slot line. The antenna, excited by a slotline feed, is fabricated on a metallization layer with or 
without a supporting dielectric substrate. The tapered slot section which constitutes the radiating 
region can take on any of three geometric profiles: (1) nonlinear taper (Vivaldi, tangential or 
parabolic), (2) linear taper (LTSA), and (3) constant width (CWSA) [10]. The majority of previous 
studies have been focused on TSA with linear and exponential profiles. Prasad and Mahapatra [11] 
first introduced the linearly tapered slot antenna (LTSA) in 1979. Their antenna of about one free 
space wavelength long was etched on a 25-mil alumina substrate. In the same year, Gibson [12] 
reported a TSA with exponentially tapered profile, also known as “Vivaldi” antenna, which 
demonstrated a bandwidth of 8-40 GHz. The schematics of the LTSA and the Vivaldi antennas 
are shown in fig. 1. In later years, most of the subsequent developments of TSA arrays are derived 
mainly from these two antenna types. 
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(a) (b) 

Figure 1 . — Schematics of antennas, (a) LTSA. (b) Vivaldi. 


In order to facilitate integration of antenna and devices at sub-millimeter wave frequencies, a new 
variant of the TSA, generally known as V-antennas, was introduced in 1979 for coupling radiation 
into diode mixers [13]. Years later, other applications of V-antennas were demonstrated at 
microwave frequencies [14-15], These antennas with finite width ground planes can enhance the 
antenna performance by suppressing the surface waves. Another advantage of the V-antennas is 
its compatibility with uniplanar feed structures which allow to excite the antenna with either a 
microstrip line or a waveguide [14]. The schematics of a V-LTSA and a V-Vivaldi excited by a 
coplanar stripline are shown in fig. 2. 




Figure 2. — Schematics of V-antennas. (a) V-LTSA. 
(b) V-Vivaldi. 


Another variant of the conventional TSA is the antipodal tapered slot antenna. In practice, the 
conventional planar TSA is fed by a balanced slotline. One serious drawback of the conventional 
TSA is in the fabrication and impedance matching of the slotline. Slotline fabricated on a low 
dielectric constant substrate has relatively high impedance which makes matching to a microstrip 
feed very difficulty. The antipodal TSA is designed to overcome this impedance matching 
difficulty; however, it has exhibited very poor cross-polarization characteristics. The antenna is 
formed by gradually flaring the strip conductors of the balanced microstrip on opposite sides of 
the dielectric substrate with respect to the antenna axis, thus allowing the antenna to be directly fed 
by a microstrip feed [16], To circumvent the high cross-polarization problem, a balanced antipodal 
Vivaldi consisting of three metallization layers was introduced. This new antenna, shown in fig. 3, 
has demonstrated -15 dB lower cross-polarization across a 18:1 band as compared to the 
conventional Vivaldi antenna [17], 
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Figure 3. — Balanced antipodal Vivaldi antenna. From ref. 17 with permission from IEEE. 


TSA Design 

For years, the design of TSA has been primarily based on empirical approach, which as an initial 
step, could start with the following simple guidelines: 

The aperture width of slot: W>Xq 
1.05 < c/v < 1.2 

The effective thickness: t e ff< .03 < a 0 
The taper angle, 2 a, is typically 5 to 12° 

The length of the TSA, L, is typically 2 to 12 X 0 

where c is the velocity of light, v is the velocity of the field along the slot, and a 0 is the If ee-space 
wavelength. With the availability of electromagnetic simulators, engineers can now check the 
accuracy of their designs before carrying out the actual fabrication and characterization. In general, 
the design of TSA involves two major tasks: (1) the design of a broadband transition and feed 
structure with very wide frequency range and low return loss, and (2) determining the dimensions 
and shape of the antenna in accordance with the required beamwidth, side lobe, and back lobe etc. 
over the operating frequency range. The geometric parameters such as length, width, dielectric 
thickness, ground-plane size, and taper-profile which have direct impact on the impedance, 
directivity, bandwidth, and radiation pattern of the antenna will be discussed in the sections below. 


Feeding Methods 

Almost always planar tapered slot antennas such as LTSA and Vivaldi are excited by a slotline; 
thus, feeding a TSA requires building a transition between the slotline and other transmission 
media. In the case of microstrip or coaxial lines, the transition is a balun. In general, the transition 
should have small parasitic inductance and capacitance for wide bandwidth, and hence, 
electromagnetic coupling is preferred over wire bonding or solder connection. In the following, 
we will consider three basic feed structures: (1) coplanar waveguide (CPW), (2) microstrip line, 
and (3) coaxial lines. 
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Coplan ar Waveguide-Feed : CPW possesses many useful design characteristics such as low 
radiation loss, less dispersion and uniplanar configuration. In [10], we have presented several 
feeding techniques where the transmission media are CPW which excite the TSA via 
electromagentic coupling. Figure 4(a) shows a strip-to-slot coupled LTSA excited by a conductor- 
backed finite ground-plane CPW feed. This antenna has demonstrated a VSWR of 2:1 over 
nearly 3:1 bandwidth as indicated by the measured return loss shown in fig. 4(b). 




Frequency, GHz " 

(b) 

Figure 4. — Strip-to-slot coupled LTSA. (a) CPW strip-to- 
slot transition, (b) Measured return loss. 


The TSA can also be excited by direct slot-to-slot feeding where the CPW and the antenna are on 
the same side of the substrate. In order to excite the odd mode where the electric fields in both 
slots of the CPW have the same amplitude but opposite direction, a bondwire is usually placed 
across the slots to keep the two ground planes at equal potential. The CPW feed enables direct 
integration of active solid state devices with the antenna. Figure 5 shows a LTSA integrated with a 
FET amplifier which demonstrated a gain of more than 14 dB over a bandwidth of 1.75 GHz [18]. 
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Figure 5. — Circuit configuration of CPW cross- 
feed LTSA amplifier. From ref. 18 with 
permission from IEEE. 


CPW can be designed as a tapered CPW with constant characteristic impedance, but with different 
ratio of slot to center strip widths [19]. This unique feature is useful for exciting twin tapered slot 
antennas of large separations. 


Even mode 
Port 1 — v 


Odd mode 
Port 2 — v 



Figure 6. — Twin LTSAs fed with tapered CPW 
transitions. 


Figure 6 shows the application of tapered CPW transitions to twin Vivaldi antennas to achieve 
pattern diversity for transponders and monopulse systems through even and odd mode excitations 
[20], With this approach, exciting the even mode produces a maximum radiation, while exciting 
the odd mode produces a minimum radiation in the boreside direction. 
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Microstrip Line Feed : Microstrip line is in widespread use in power combining circuit. Since 
microstrip line is an unbalanced line and slotline is a balanced line, feeding a TSA with a 
microstrip line requires a balanced-to-unbalanced transition (balun) to avoid compromising the 
broadband antenna performance. The most common microstrip/slot transition, the Marchand balun 
[21], has demonstrated a VSWR of 2:1 over an octave bandwidth with an integrated wideband 
V-Vivaldi antenna [22]. The transition and the corresponding transmission line model are shown 
in fig. 7. The balun consists of four quarter-wave sections with the end open-circuited section 
extended past the center of the slotline by about one quarter of a guided wavelength. Further 
broadening of the bandwidth can be achieved when the microstrip is terminated by a radial stub 
and the slot line is terminated by an elliptical shaped cavity [10], 



Z 2 = 75 ii 


Z an t = 1 50 il 


Z 3 = 12011 
(b) 

Figure 7. — Schematic of Marchand balun. (a) With interface to 
antenna element, (b) Transmission line model. From ref. 22 with 
permission from IEEE. 

The double-Y balun is another microstrip-to-slotline transition which has no inherent bandwidth 
limitation other than parasitic inductances and capacitances. As indicated in fig. 8, the double-Y 
balun is based on the 6-port double-Y junction which consists 3 balanced and 3 unbalanced lines 
placed alternately around the center of the structure. For the balun to provide perfect transmission 
between an opposite balanced and unbalanced ports, opposite pairs of lines should have reflection 
coefficients with opposite phases; thus requiring one pair of lines to be short circuit while the other 
open circuit. TSA with double-Y balun feed structure has achieved an impedance bandwidth of 
more than 2:1 [23]. 
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Figure 8. — Double-Y microstrip-to-slotline transition. 


The balun requirement often complicates the feed design and limits the antenna bandwidth if it is 
not designed properly. The V- and antipodal tapered slot antennas offer a way to circumvent this 
problem since they are not directly fed by a slotline. Figure 9 shows a V-LTSA with a uniplanar 
microstrip-to-coplanar stripline feed [24]. In the feed network, a microstrip line of characteristic 
impedance of 50 Q and width W- is coupled to two orthogonal microstrip lines of characteristic 
impedance of 70 Q and width W 2 through a quarter-wave impedance transformer of width Wj . 
The mean path length of the folded loop “a through b” is equal to half a guide wavelength h : , of 
the 70 Q microstrip line at the design frequency. However, for wideband operation, the mean 
path length needs to be increased to 0.638 X g to compensate for the right-angle bend parasitic 
elements. This design ensures that the signal phase from points “a” to “b” are 180 degree out 
of phase; thus the coupled microstrip lines are excited in the odd mode with the electric field 
predominantly across the gap S, . The dimension of S 7 is chosen such that the characteristic 
impedance of the coupled microstrip line is 50 Q . The measured return loss of the V-LTSA is 
better than 1 OdB over the frequency range of 5 to 1 5 GHz. 
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Figure 9. — V-LTSA with a uniplanar microstrip line-to-coplanar stripline feed, a = 12.5° 
and L = 2 in. 


Figure 10 shows an antipodal LTSA with a microstrip-to-balanced microstrip feed. The balanced 
microstrip is formed with the ground plane tapered to a width equal the strip width W, and the 
radius R 2 of the arc is arbitrarily chosen to provide a smooth taper transition for matching the 
characteristic impedance of the conventional microstrip to the balanced microstrip. 



Figure 10. — Antipodal LTSA and feed network, (a) Top metalization. (b) Bottom metalization. 
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The electric field lines at different cross section along the feed and the antenna are illustrated 
in fig. 1 1 . The electric field lines which are spread out in the conventional microstrip structure 
concentrate between the metal strip of the balanced microstrip, and finally rotate while traveling 
along the LTSA. The field rotation inadvertently introduces higher cross-polarizations in these 
types of antennas. The antipodal LTSA has demonstrated over 4:1 (8-32 GHz) bandwidth for 
2:1 VSWR at the design frequency of 18 GHz [25]. 



(a) (b) (c) 

Figure 1 1 . — Electric field distribution at cross sections, 
(a) Conventional microstrip, (b) Balanced microstrip, 
(c) Antenna radiating edge. 


Coaxial feed : Coaxial line is useful as a feed structure because of its compatibility with the 
slotline, coplanar microstrip, or balanced microstrip to form wideband transitions; thus, it can be 
used to excite all three variants of TSA described above. The disadvantage is that it is not planar 
and has high losses at high frequencies. Further, coaxial line is an unbalanced feed line. All of 
the currents flow inside the line, i.e. the inner connector and the inside of the shield. Feeding a 
balanced antenna with unbalanced coaxial feed may cause currents to flow on the outside of the 
shield, which could results in significant power loss and serious distortion in radiation pattern. 
Since the magnitude of the current on the outside shield is a function of the impedance to ground 
of the conductor, one common approach to cutoff the flow of current is with an open circuit which 
is created by placing a “skirt” one quarter of a wavelength long around the outside shield and 
shorted to the shield at one quarter of a wavelength away from the load. 

The most direct way of exciting a TSA with a coaxial feed is to extend its center conductor over 
the slotline section of the TSA and anchor the coaxial feed with solder connection to the ground 
plane. Recently, an improved balun design which has direct application to V-antennas has been 
proposed [26], The balun impedance is tapered by cutting open the outer wall of the coax so that 
the reflections at the input are minimized. The length of the balun is determined by the lowest 
operating frequency and the maximum reflection coefficient which occurs in the passband. Figure 
12 shows the cross-section of the tapered coaxial line balun and its integration with a V-Vivaldi 
antenna. 


NASA/TM— 2004-213057 


9 





CPW-to-slotline 

transition 



Figure 12. — Coaxially-fed TSA with tapered coaxial 
line balun. From ref. 26 with permission from IEEE. 


Radiation Characteristics 

A good understanding of the effects of the design parameters (length, width, dielectric thickness, 
ground-plane size and taper profile etc.) on antenna characteristics would facilitate the task of 
antenna design. TSA is known to have good performance over a wide bandwidth. In practice, the 
operating bandwidth is often limited by the slotline-to-feedline transition and by the finite width of 
the antenna. To achieve wideband operation requires the TSA to operate in a traveling-wave mode 
with perfect impedance match at both the feed transition and the slot termination. In this section, 
some important characteristics of TSA, which are based on experimental data as well as from 
previous publications, will be presented. 

Effect of length, width and taper profiles : Tapered slot antennas radiate in the endfire direction 
with fairly symmetric radiation patterns, but have high cross-polarization levels in the diagonal 
plane. The lowest cross-polarization level in the diagonal plane is about 1 0 to 1 5 dB higher 
than that of the principal planes which are typically better than -15 dB. In general, the cross- 
polarization characteristics of planar TSA are superior to those corresponding to their antipodal 
counterparts. 

Being a traveling wave antenna, the phase velocity and guide wavelength, X g , varies with any 
change in the geometrical and material parameters of the antenna, which in turn impacts the 
radiation characteristics of the antenna. The gain of a TSA increases with the length, L, of the 
antenna typically from a few dB to over 10 dB as L increases from 2-5 X g [10]. Maximum 
measured gain of 16-17 dB with radiation efficiency of 80 percent has been reported for long 
TSA with L greater than 6 a 0 [27], Similarly, the beamwidths, being inversely proportional to 
gain, decrease rapidly as the length is increased; however, the H-plane beamwidth varies more 
slowly in comparison to the E-Plane beamwidth particularly for L less than 5X g . 
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The taper profile has been found to have strong effects on both the beamwidth and sidelobe level 
of the antenna. In general, the beamwidths are narrower for the CWSA, followed by the LTSA, 
and then Vivaldi for antennas with the same length, same aperture size, and on the same substrate. 
Similarly, the sidelobes are highest for the CWSA, followed by the LTSA, and the Vivaldi. 

As a traveling wave antenna, the H-plane beamwidth follows V dependence, while the 
E-plane beamwidth depends more on the aperture width or tapered angle [28]. Varying the 
tapered angle will change the phase velocity and hence L, , which will in turn change the E-plane 
beamwidth. Thus, constant beamwidth in both E- and H-plane can be achieved with proper 
choices of L and tapered angles. Gibson obtained approximately constant beamwidth in both 
E- and H-plane for a Vivaldi antenna fabricated on alumina substrate with tapered profile 
defined by [12], 


y = ± 0.125exp(0.052x) 

Recently, approximately constant E- and H-plane beamwidths over a 6 to 18 GHz bandwidth 
was demonstrated for a balanced antipodal antenna with elliptical radiating taper [17], and nearly 
identical E- and H-plane 3-dB beamwidth was observed for a LTSA with tapered angles in the 
range of 15 to 20 degrees [29], 

Effect of dielectric : The performance of a TSA is sensitive to the thickness and dielectric constant 
of the dielectric substrate. The presence of a dielectric substrate has the primary effect of 
narrowing the main beam of the antenna. The effects of dielectric substrates on the E-and H-plane 
beamwidths of a Vivaldi antenna on polyethylene have been investigated at 18.5 GHz [30]. By 
varying substrate thickness from 10 to 15 and 27 mils, the H-plane beamwidths become narrower, 
while the E-plane beamwidths remain essentially constant, indicating that the dielectric has a 
strong effect on the H-fields. Increasing the dielectric thickness generally results in increased 
gain, but with higher sidelobes. For good performance, a TSA should have an effective substrate 

thickness in the range of 0.002 5 Ao < 0.028 a 0 where t e ff = t ( — 1) is the effective 

thickness of the substrate. For substrate thickness above the upper bound of 0.028A 0 , unwanted 
substrate modes develop which degrade the antenna performance resulting in low efficiency 
and narrow bandwidth, particularly for dielectrics with high dielectric constants. Further, for 
millimeter-wave operations, the upper bound on the effective thickness constrains to using 
mechanically fragile substrates with thickness of only a few hundreds of microns. To overcome 
these problems, it has been proposed to fabricate notch antennas either on thick perforated 
substrates with an array of regularly and closely placed holes [31] or on photonic bandgap 
dielectrics as shown in fig. 13 [32], The former approach reduces the effective substrate thickness, 
while the latter approach suppresses the excitation of the surface modes. 
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Figure 13. — Micromachined tapered slot antenna. From ref. 32 
with permission from IEEE. 


Ground Plane Effect '. Placing a ground plane immediately below the TSA will cause the main 
beam to steer away from the endfire direction by about 50° in the H-plane [10]. The amount of 
scan will be reduced as the distance between the ground plane and the antenna increases, and 
becomes negligible when the distance of separation is sufficiently large. For the E-plane patterns, 
no significant change was observed except that the TSA had to be tilted in the elevation to receive 
full power. Figure 14 shows measured Fi-plane patterns for a LTSA over a ground plane with a 
foam spacer in between. 



Angle, deg 


Figure 14. — H-plane patterns at 1 1 GHz for a LTSA with a 
foam spacer. (1) With no ground plane. (2) With a ground 
plane and no spacer. (3) With a ground plane and a 
0.3175-cm foam spacer. (4) With a ground plane and a 
0.635-cm foam spacer. 
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Impedance Characteristics 


Imput impedance : The impedance characteristic of TSA is important for designing match 
transitions; yet very little information is available from previous publications. Based on conformal 
mapping method for a fin antenna without a dielectric, Yngvesson et al. reported that the 
impedance of a LTSA with thin dielectric is essentially constant at frequencies from 4 to 12.4 GHz 
and is close to 80 Q [33]. In a recent study, the input impedance of LTSA was measured using a 
microwave wafer probe and a set of on wafer Thru-Reflect-Line (TRL) slotline standards [34]. 

The LTSA was excited through a short length of a slotline by a ground-signal microwave probe 
(Picoprobe, Inc.). In the measurement, the reflection coefficient of the LTSA is de-embedded 
from the measured reflection coefficient at the input terminal of the slotline using the NIST 
de-embedded software [35]. Figure 15 shows the real and imaginary parts of the input impedance, 
Z in , versus frequency for a LTSA with a= 5° and L = 2.54cm. 




Frequency, MHz Frequency, MHz 

Figure 15. — Real and imaginary parts of the input impedance, a = 5° and L = 2.54 cm. (a) Real, 
(b) Imaginary. 


The impedance plot exhibits a series of resonance over the frequency band from 2 to 26.5 GHz. 
These resonances are caused by imperfect impedance match transitions at the feed end and the 
termination end of the LTSA. The first resonance mode at frequencies below 4 GHz has very large 
input impedance, typically over 1 000 Q , which could be caused by large electric fields associated 
with a very small W/X 0 . For frequencies above 4 GHz, the impedances are bounded between 
145 Q and 40 Q with a mean value of about 92 Q . Similar results were also obtained for LTSA 
of different lengths and tapered angles [10], 

Impedance matching . Impedance matching of TSA has commonly been performed at the feed 
end of the antenna. Recently, an approach illustrated in fig. 1 6 for impedance matching at the 
termination end of the antenna has been proposed [36]. 
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Figure 16. — Vivaldi antenna with a dielectric impedance 
matching transformer. Li = 4 mm, L 2 = 4 mm, 

L 3 = 5 mm, and L 4 = 1 0 mm. 


The new approach uses a two-step dielectric transformer to match the antenna to free space. The 
de-embedded real and imaginary parts of the input impedance with and without the dielectric 
transformer are shown in fig. 17. 



27 000 27 500 28 000 28 500 29 000 
Frequency, GHz 



Frequency, GHz 


Figure 17. — Real and imaginary parts of the input impedance, (a) Real, (b) Imaginary. 


Mutual impedance '. Mutual coupling can produce profound impacts on the performance of an 
antenna array causing impedance mismatch and scanning blindness particularly for antennas on 
thick dielectric substrates. In general, mutual coupling can occur between two TSAs arranged 
either in coplanar or stacked configurations. Recently, the mutual coupling between two LTSAs 
in close proximity and excited by two calibrated ground-signal microwave probes was obtained 
from an S-parameter measurement of | S 21 I [37]. Figure 1 8 shows the measured mutual coupling 
between two LTSAs in coplanar and stacked arrangement as a function of separations. Results 
indicate that the mutual coupling decreases with the distance of separation. 
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Separation x and y, in. 


Figure 18. — Measured mutual coupling between 
two LTSAs in coplanar and stacked arrangements 
as a function of separation. 

The coupling coefficients as a function of frequencies were also measured first with the LTSAs 
fabricated on a continuous substrate and then repeated after a narrow slot was cut in the dielectric. 
In the latter case, coupling between antennas were confined to space waves only. Results indicate 
stronger mutual coupling for the TSAs on continuous substrate as a result of additional coupling 
through the supporting dielectric; however, both cases display decreasing IS 21 I with frequencies 
[10]. This is due to the fact that at higher frequencies the separation is electrically larger and 
separations between antennas are greater with respect to wavelengths. 


TSA Array and Applications 

Over the years, many different applications of TSA arrays have been reported in the literature. 
TSA arrays have been successfully applied as focal plane feed arrays for a multi-beam imaging 
reflector system. For the same beamwidth, a TSA array occupies about 1/4 of the area of a feed 
array with waveguide elements; thus, imaging system with TSA focal plane array can be designed 
to yield high angular resolution [27]. 

TSA arrays have also been advantageously used for spatial power combining to achieve power 
amplification and harmonic generation. Recently, a 120-watt, X-band spatially combined solid- 
state amplifier has been demonstrated [6]. The spatial combiner consists of six identical “trays” 
with each containing four input/output broadband TSA integrated with four MMIC amplifiers via 
a slot-to-microstrip transition. Space power combining can be applied to large antenna aperture 
such as space-fed lens arrays. The concept of space power amplification has been demonstrated 
experimentally with a three-element LTSA array module. Figure 19 shows a photo of the array 
module and the measured H-plane pattern. 
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Angle, deg 


Figure 1 9. — Experimental three-element LTSA MMIC array module for space power amplification, (a) Photo of module, 
(b) Measured H-plane pattern. 


In this approach, an array of active antenna modules, constructed from non-planar TSA’s and 
monolithic microwave integrated circuit (MMIC) multistage GaAs power amplifiers, receives the 
signal at lower power and after amplification re-radiates the signal into free space. Polarization 
diversity is employed to permit accurate measurement of the amplified signal radiated from the 
transmitting array. With the amplifiers turned on, the three-element active array module produced a 
gain of 30 dB at 20 GHz [38]. Replacing the MMIC multistage power amplifier with a broadband, 
GaAs MMIC distributed amplifier, frequency multiplication and space power combining was 
demonstrated with the same active LTSA array module which receives signal at 9.3 GHz, and after 
amplification, radiates the second harmonic signal into free space. Results indicated a fundamental- 
to-second-harmonic conversion efficiency of 8.1 percent [39], For experimental details and 
measured results, the reader is referred to reference [10], 

With the rapid development of the wireless industry in recent years, a K-band circular LTSA array, 
shown in fig. 20, has been proposed for mobile communications [40]. The 16-element array is fed 
by a 1:16 microstrip line power splitter composed of T-junctions and right-angle bends. The output 
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Figure 20. — 1 6-element circular LTSA array. 

ports of the splitter are electromagnetically coupled to the slotline of the LTSA through a 
microstrip-to-slotline transition with the slotline and microstrip line characteristic impedances 
chosen to be 120 £2 and 100 £2 respectively. The array was placed over a reflecting ground plane 
to displace the beam above the horizon, and foam spacers of different thickness are used to control 
the amount of scan. Figure 21 shows the measured E- and H-plane patterns for 0.286L 0 separation. 
As shown, the circular LTSA array produces an omnidirectional pattern in the azimuthal plane 
and a beam displacement of about 28° in the elevation plane. 

Without a metal ground plane 
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Figure 21. — Measured patterns at 19 GHz. (a) H-plane. (b) E-plane. 
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Using a similar approach, an omni-directional quasi-optical circular array of 12 Vivaldi-coupled 
oscillator elements has been designed for LMDS (Local Multipoint Distribution Services) 
applications [41], The array, which is powered from a single direct-current power supply, has 
demonstrated an 87 percent power combining efficiency, and 144 mW radiated power at 28 GHz. 

TSA array has found applications in intelligent transportation systems. A wide-scan spherical-lens 
antenna at millimeter-wave frequency (77 GHz) was recently introduced for automobile radars [42], 
The multibeam antenna system is composed of planar TSA which are positioned around a 
homogeneous spherical Teflon lens. Beam scanning is achieved by switching between elements. 
Figure 22 shows a 3 3 -beam spherical Teflon lens system which has demonstrated an angular 
resolution of 5.5° and -3.5 dB crossover of adjacent beams. 




Angle, deg 

Figure 22. — 33-beam array with spherical Teflon lens, (a) Photo of array, (b) Measured E-plane 
pattern. From ref. 42 with permission from IEEE. 


In shared aperture technology development where the functionality of several antennas are 
combined into one aperture using wideband multiple beam technology, dual-polarized tapered slot 
antennas with “double Y” microstrip-to-slotline transition have been used to achieve wideband 
operations [43], To realize horizontal and vertical linear polarization, two TSA elements of like 
polarization are first combined into a two-elenrent subarray. Then, two such subarrays are joined 
at 90° through a mechanical slot cut in the top of one subarray and the bottom of the other subarray 
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to form a quad-element subarray module. Figure 23 shows an 8><8 array composed of quad-element 
subarray modules as building blocks. To obtain right- and left-hand circular polarization, the 
horizontal and vertical polarizations are combined with a 90° phase-offset in a quadrature hybrid 
circuit. 



Figure 23. — Photographs of dual-polarized TSA array, (a) 8x8 array, (b) Orthogonal subarray element pair. 


Combining the functionality of several antennas into one shared aperture presents many technical 
challenges. Recently, a dual-band dual-polarized nested antipodal Vivaldi array has been developed 
for a new radio-telescope, the Square Kilometer Array (SKA) [8]. In order to meet the 5:1 
bandwidth (0.8 to 4.0 GHz) requirement, the array consists of a lower-band and an upper-band 
subarray with each made up of different-size antipodal Vivaldi quad-elements having overlapping 
bandwidths. The array of nested lattice architecture has multilevel ground planes which allow 
height-adjustment to achieve optimization of the array performance. A sketch of a 20-element dual- 
band dual-polarized multilevel nested antipodal Vivaldi array is shown in fig. 24. 
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In a recent development of a low-cost, multi-frequency and full-duplex phased array transceiver that 
transmits at 10 or 19 GHz and receives at 12 or 21 GHz, Vivaldi antennas were used to achieve 
wide-band performance. In addition, the system, as illustrated in fig. 25, features a low-loss and 
low-cost multi-line phase shifter controlled by dual piezoelectric transducers (PET) and four- 
channel microstrip multiplexers [9], The array system has demonstrated scan angles of about 40° at 
1 0 to 2 1 GHz using the PET phase controls. The use of PET greatly simplifies the integration and 
high insertion loss problems generally associated with solid-state type phased shifters used in 
conventional phased arrays. 



multiplexer 


Figure 25. — Multi-frequency and full-duplex Vivaldi phased array system with dual-PET 
phase controls. From ref. 9 with permission from IEEE. 
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Conclusion 


The objective of this chapter is to provide an overview of notch antennas including underlying 
principles and limitations, general design guidelines, performance characteristics, and new 
applications. Due to limited coverage, the chapter focuses mainly on LTSA and Vivaldi, while 
many other noteworthy works have not been able to include in the discussion. The general design 
guideline outlined in the chapter is intended as an initial step in the experimental or analytical 
processes leading to the final design. The discussions on feeding techniques and antenna 
characteristics are useful in understanding the design and the radiation process of the notch 
antennas. Finally, the chapter ends with some recent advances and innovative applications of 
TSA arrays based on shared aperture technology. 
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